H emidesmosomes (HD) are specialized junctional complexes, that contribute to the attachment of epithelial cells to the underlying basement membrane in stratified and other complex epithelia, such as the skin, the cornea, parts of the gastrointestinal and respiratory tract, and the amnion. These multiprotein complexes determine cell-stromal coherence and provide cells with cues critical for their polarization, their spatial organization, and for tissue architecture (Borradori and Sonnenberg, 1996; Green and Jones, 1996; Gumbiner, 1996) . Although these structures appear relatively stable, which would counteract cell migration and displacement, their functional activity can be modulated. The regulation of the adhesive interactions of HD with the underlying basement membrane is essential in various normal biologic processes, such as wound healing and tissue morphogenesis. The importance of these complexes is attested by the fact that an altered expression of hemidesmosomal constituents results in several types of blistering disorders of the skin (Table I) (Christiano and Uitto, 1996) and is likely involved in the development and progression of certain cancers (Rabinovitz and Mercurio, 1996) . Considerable progress has been made in defining the molecular structure and architecture Manuscript received November 9, 1998; revised December 9, 1998 ; accepted for publication December 14, 1998 . Reprint requests to: Luca Borradori, Clinique de Dermatologie, Hôpital Cantonal Universitaire, Rue Micheli du Crest 26, CH-1211 Genève, Switzerland.
Abbreviations: BP180, bullous pemphigoid antigen 180; BP230, bullous pemphigoid antigen 230; HD, hemidesmosome. of HD. There is accumulating evidence which indicates that different factors, such as extracellular matrix (ECM) proteins and growth factors, regulate their function (Giancotti, 1996) . The α6β4 integrin appears to act as a regulatory component by transducing signals that profoundly affect the entire cellular machinery (Mainiero et al, 1995 (Mainiero et al, , 1996 (Mainiero et al, , 1997 . Hence, HD may not only represent structural adhesion complexes, but they may also serve via the α6β4 integrin as ''signaling devices'' affecting the cell phenotype. The aim of this review is to summarize recent developments in our understanding of the molecular organization of HD. Clinical observations as well as cell biologic studies, including gene targeting experiments, transfection, and yeast two-hybrid system analyses, have dramatically increased our knowledge of the function of the various hemidesmosomal constituents and allowed defining functionally important domains within these proteins.
MORPHOLOGY AND MOLECULAR ORGANIZATION OF HEMIDESMOSOMES
Ultrastructurally, HD appear as small electron dense domains (less than 0.5 µm) of the plasma membrane on the ventral surface of basal keratinocytes of human skin. Their most conspicuous component is a tripartite cytoplasmic plaque, to which the bundles of intermediate filaments (IF) are attached (Fig 1) . HD are associated with a sub-basal dense plate in the lamina lucida and are connected via fine thread-like anchoring filaments to the lamina densa. In its turn, the latter seems to be anchored to the underlying papillary dermis by the cross-banded anchoring fibrils. These various morphological structures, i.e., IF, hemidesmosomal plaque, anchoring filaments, and anchoring fibrils, constitute a functional unit named a Autoimmune blistering diseases are associated with autoantibodies directed against constituents of the hemidesmosomal adhesion complex, while mutations in their genes result in inherited bullous disorders with often a similar phenotype. In autoimmune blistering diseases autoantibodies might be directed against additional target antigens. EBS, epidermolysis bullosa simplex; MD, muscular dystrophy; GABEB, generalized atrophic benign epidermolysis bullosa; JEB, junctional epidermolysis bullosa; PA, pyloric atresia; DEB, dystrophic epidermolysis bullosa; LABD, linear IgA bullous dermatosis; SLE, systemic lupus erythematosus.
b A spontaneous mutation in the murine β3 gene resulting in a JEB phenotype has been described (Kuster et al, 1997) . c LAD-1, the linear IgA bullous dermatosis antigen 1, might represent a proteolytic product of BP180 encompassing its extracellular domain. d Lack of immunoreactivity in patients' skin. e Uitto J et al, 1988 (personal communication) . Extracellularly, HD display a sub-basal dense plate that runs parallel to the plasma membrane (arrowhead). Thin thread-like structures named anchoring filaments (AF) transverse the electron-lucent lamina lucida (LL) and appear to connect the cytoplasmic plaque to the lamina densa (LD). In the dermis, closely associated with the lamina densa are cross-banded anchoring fibrils (AFb) and in the lower dermis collagen fibres (Col). Scale bar: 100 nm (electron micrograph kindly provided by Dr H. Shimizu, Keio University School of Medicine, Tokyo).
the hemidesmosomal adhesion complex, that provides stable adherence of keratinocytes to the underlying epidermal basement membrane. As the identification of the first constituent of HD almost three decades ago (Stanley et al, 1981) , the biochemical characterization and the primary molecular sequencing of the various constituents of HD and associated structures has progressed enormously. The molecular organization of HD is based on three classes of proteins: the cytoplasmic plaque proteins acting as linkers for elements of the cytoskeleton at the cytoplasmic surface of the plasma membrane, the transmembrane proteins serving as cell receptors connecting the cell interior to the ECM, and finally, the basement membrane-associated proteins of the ECM (Figs 2 and 3) .
THE HEMIDESMOSOMAL PLAQUE COMPONENTS BP230 AND PLECTIN CONNECT THE INTERMEDIATE FILAMENTS CYTOSKELETON TO THE PLASMA MEMBRANE
The cytoplasmic plaque constituents include the bullous pemphigoid antigen 230 (BP230, also named bullous pemphigoid antigen 1) (Stanley et al, 1988; Sawamura et al, 1991) , plectin (Wiche et al, 1991; McLean et al, 1996) , and other less well characterized proteins, the two high molecular weight proteins called HD1 (Hieda et al, 1992) and IFAP 300 (Skalli et al, 1994) , and the protein P200 (Kurpakus and Jones, 1991) . BP230 and plectin are proteins with related sequences belonging to the plakin family of proteins implicated in the organization of the cytoskeletal architecture (Tanaka et al, 1991; Ruhrberg and Watt, 1997) (Fig 2) . Based on their primary sequence, they are predicted to contain a central coil-coiled domain flanked by two globular domains. BP230 was first recognized as a target antigen in bullous pemphigoid, which is an autoimmune blistering disorder of the skin (Stanley et al, 1981) . Its COOH-terminal domain has the ability to associate with IF, implying a role of this protein in the attachment of the keratin IF to the hemidesmosomal plaque (Yang et al, 1996) . In addition, transfection studies and yeast twohybrid analyses have provided evidence that indicates that the NH 2 -terminus of BP230 interacts with the cytoplasmic domain of BP180 ) (J. Koster and B. Favre, unpublished results) and probably also of the β4 integrin subunit , the two transmembrane constituents of HD (Fig 3) .
Plectin is a large phosphoprotein of µ500 kDa expressed in a variety of stratified and simple epithelia, where it acts as a multifunctional cytoskeletal linker (Wiche, 1998) . Variants of plectin due to alternative splicing have been identified, the specific function of which remain to be determined (Elliot et al, 1997) . The COOHterminal domain of plectin has been shown to bind to keratins, neurofilaments, and vimentin in vitro. The binding of plectin to vimentin and cytokeratins requires a specific 50 amino acid stretch within the COOH-terminal 5 repeat domain (Nikolic et al, 1996) . The NH 2 -terminal domain of plectin contains an actin-binding domain homologous to that of spectrin and dystrophin (McLean et al, 1996) . Strikingly, this region also contains sequences that interact with the cytoplasmic tail of β4 (Niessen et al, 1997a, b; The nucleation of HD involves the clustering of the α6β4 integrin at the basal cell side of the cells, which depends on its interaction with ECM ligands, such as laminin-5. α6β4 can also polarize at the basal cell surface in a ligand-independent way (Nievers et al, 1998) . The capacity of α6β4 and plectin to associate with each other and to self-polymerize facilitates the formation of a core, that might serve as attachment site for BP180 and BP230. The stabilization of HD is then achieved by multiple protein-protein interactions. The β4 cytoplasmic domain has the ability to interact, in addition to plectin, with BP180 and possibly with BP230. In turn, BP180 associates with plectin and BP230, both implicated in the attachment of the keratin networks to the plasma membrane. Various signals have an effect on the adhesive state of HD and modulate the cross-talk between HD and structures mediating dynamic adhesion, such as focal contacts. Rezniczek et al, 1998) . It is likely that the association of plectin with β4 prevails over that with the actin cytoskeleton, explaining the preferential distribution of plectin in HD. Preliminary studies indicate that this protein associates with the cytoplasmic tail of BP180 (Fig 3) . 1 Plectin is thus a multifunctional protein involved 1 Aho S, Uitto J: Basement membrane interaction disclosed by yeast two-hybrid system. J Invest Dermatol 108: 546, 1997 (abstr.) in both the attachment of IF to the plasma membrane and the linking of various hemidesmosomal constituents to each other. It is likely that phosphorylation of plectin by distinct kinases, such as p34 cdc2 , kinase A and kinase C, regulates its interactions with the cytoskeleton Malecz et al, 1996) .
The identity of IFAP300 and HD1 remains unclear. Their molecular size and tissue distribution are similar to those of plectin and they cross-react immunologically (Gache et al, 1996; McLean et al, 1996; Smith et al, 1996; Ruhrberg and Watt, 1997) . It is noteworthy that mutations in the plectin gene in patients with epidermolysis bullosa simplex associated with muscular dystrophy result in the absence of expression of both plectin and HD1 (Gache et al, 1996; McLean et al, 1996; Smith et al, 1996) . It is possible that IFAP300 and plectin are related proteins or even isoforms of a single protein, but characterization of their primary sequence is required. Finally, because of its localization to the inner hemidesmosomal plaque, it is likely that the 200 kDa protein P200 is implicated in the linkage of IF to the plasma membrane (Kurpakus and Jones, 1991) .
THE TRANSMEMBRANE CONSTITUENTS α6β4 INTEGRIN AND BP180 ARE INVOLVED IN THE ASSEMBLY OF HD AND MEDIATES CELL ADHESION
The transmembrane constituents of HD include the α6β4 integrin and BP180 [also termed bullous pemphigoid antigen 2 (BPAG2) or type XVII collagen] (Figs 2 and 3) . In contrast to most integrins that are associated with the actin cytoskeleton, the α6β4 integrin is particular in that it is found in HD at sites where keratin IF attach (Stepp et al, 1990; Tamura et al, 1990; Sonnenberg et al, 1991) . The cytoplasmic tail of β4 is crucial for the interaction of α6β4 with various elements of HD (Giancotti, 1996; Murgia et al, 1998) . It consists of over 1000 amino acids and contains two pairs of type III fibronectin (FNIII) repeats separated by a connecting segment (CS). Transfection studies have shown that the first pair of FNIII repeats and the adjacent stretch of 27 amino acids of the CS of the cytoplasmic tail of β4 are required for the localization of the α6β4 integrin in HD (Niessen et al, 1997a) . While this membrane-proximal region of the β4 cytoplasmic tail can directly associate with plectin (Niessen et al, 1997b; Rezniczek et al, 1998) , its distal COOH-terminal half contains a major binding site for BP180 (Fig 3) . It is noteworthy that the COOH-terminal portion of the cytoplasmic tail of β4 is able to associate with a more proximal region of the molecule (Rezniczek et al, 1998; Schaapveld et al, 1998) . Although the significance of this potential intramolecular folding remains to be established, it may represent a means by which the interaction of β4 with other elements of HD, such as plectin, is regulated. Finally, it is possible that the cytoplasmic domain of β4 also interacts with BP230. The importance of the cytoplasmic domain of β4 in the overall molecular organization of HD is illustrated by the observation that overexpression of a tail-less β4 molecule inhibits their formation, most likely by either interfering with the transduction of an intracellular signal by wild-type β4 or by blocking the propagation of a conformational change across the membrane . The extracellular domain of α6β4 is crucial for cell adhesion. Antibodies directed against the α6β4 integrin prevent the assembly of HD, and induce dermo-epidermal separation in vitro (Kurpakus et al, 1990) . In addition, natural mutations in humans of the α6 and β4 genes or their targeted mutations in mice result in extensive blistering of the skin and mucous membranes of the digestive and respiratory tracts Georges-Labouesse et al, 1996; Van der Neut et al, 1996) . α6β4 is a receptor for various laminin variants, but it binds with high affinity to laminin-5 (see below), an isoform enriched in the basement membrane of the epidermis and other stratified and complex epithelia (Carter et al, 1991; Niessen et al, 1994; Rousselle and Aumailley, 1994) .
BP180 is a collagenous molecule with a type II membrane orientation (Giudice et al, 1992) . The intracellular NH 2 -terminal domain of BP180 contains within its central portion several putative phosphorylation sites, the implication of which for signaling events remains unclear Borradori et al, 1997) . Transfection studies have identified a 265 amino acid stretch in the cytoplasmic tail of BP180 required for the localization of the protein in HD (Borradori et al, 1997) . BP180 can associate with α6β4. The interaction with the β4 subunit is dependent on sequences within the NH 2 -terminal domain of the cytoplasmic tail of BP180 (Borradori et al, 1997; Aho and Uitto, 1998) , while the NC16A domain located on the extracellular domain of BP180 close to the membrane spanning domain is thought to interact with the α6 integrin subunit (Hopkinson et al, 1995) . The incorporation of BP180 into HD is probably stabilized by additional interactions with BP230 and plectin (Fig 3) . The structure of BP180, i.e., its large extracellular collagenous domain, implies a role of this protein in epithelial-stromal adhesion. This idea is supported by the observation that acquired or congenital defects of BP180 expression are associated with impairment of dermoepidermal cohesion (Labib et al, 1986; Jonkman et al, 1995; McGrath et al, 1995; Pohla-Gubo et al, 1995) (see below). Preliminary in vitro binding studies suggest that BP180 interacts with the β3 chain of laminin-5. 2 Finally, evidence has been provided that the extracellular domain of BP180 undergoes proteolytic processing resulting in the formation of a 120 kDa fragment that is incorporated into the basement membrane (Pas et al, 1997; Hirako et al, 1998; Schäcke et al, 1998; Zone et al, 1998) . Although the biologic significance of this processing remains unclear, it may represent a means by which the attachment of basal cells is regulated or the basement membrane is stabilized.
ROLE OF LAMININ-5 IN THE FORMATION OF HEMIDESMOSOMES, CELL ANCHORAGE AND MOTILITY
The epidermal basement membrane contains a scaffolding of two network polymers consisting of laminin isoforms and type IV collagen, in which diverse matrix glycoproteins, such as nidogen, perlecan, and fibulins, act as stabilizing bridges (Burgeson and Christiano, 1997 ). The ECM not only represents a selective permeable barrier between two compartments, but also provides immobilized ligands for cell adhesion. A conspicuous component within this supramolecular network is laminin-5 (previously known as nicein, kalinin, or epiligrin) (Carter et al, 1991; Rousselle et al, 1991; Verrando et al, 1991) , a cruciform-shaped molecule consisting of three nonidentical chains, an α3, a β3, and a γ2 chain, of which the α3 and γ2 chains undergo complex extracellular processing (Marinkovich et al, 1992) . Laminin-5 supports cell binding and spreading and is a major adhesive ligand for the α6β4 integrin. The association of laminin-5 with α6β4 most likely occurs via the G domain of its α3 chain and is strictly conformation dependent (Rousselle et al, 1995; Champliaud et al, 1996) (Fig 3) . This interaction appears to be crucial for the formation of HD and for the maintenance of stable adhesion, as inferred from clinical observations and cell biologic studies. Keratinocytes with a defective expression of laminin-5 have reduced adhesive properties and the assembly of HD is impaired. Upon re-expression of laminin 5, however, their normal phenotype and ability to form HD is restored (Gagnoux-Palacios et al, 1996; Dellambra et al, 1998) . In vitro studies have demonstrated that antibodies directed against the α3 chain of laminin-5 are able not only to disrupt assembled HD, but they also inhibit their nucleation and stabilization (Baker et al, 1996b) . Monomeric laminin-5 molecules, probably via their β3 and γ2 short arms, interact with the NC1 domain of collagen VII, the major constituent of the anchoring fibrils (Rousselle et al, 1997) . Hence, laminin-5 serves as a bridge between the α6β4 integrin and components of the dermal matrix. In contrast to other laminins (e.g., laminin-1), laminin-5 does not bind to nidogen due to a different amino acid composition of the region of the γ2 chain, that binds nidogen (Mayer et al, 1995) . Therefore, this molecule is not directly connected to the type IV collagen network and perlecan. Furthermore, laminin-5 lacks the short arm domains thought to be necessary for self-association. The incorporation of laminin-5 into the basement membrane might thus be mediated by its cross-linking with other laminin isoforms, such as laminin-6 and laminin-7, that in turn can self-associate and bind to nidogen (Champliaud et al, 1996) . A model predicts that while monomeric laminin-5 is concentrated below the hemidesmosomal plaque linking the α6β4 integrin (and probably BP180) to type VII collagen, the laminin-5-6/7 complex is implicated in the stabilization of the basement membrane in the interhemidesmosomal space (Champliaud et al, 1996; Burgeson and Christiano, 1997) . Laminin-5 is a also a strong ligand for the α3β1 integrin, a cell receptor associated with actin-containing focal contacts (Carter et al, 1990 (Carter et al, , 1991 Delwel et al, 1994) . These multiprotein complexes are involved in cell spreading and motility and, thus, their function is different from that of HD. It is noteworthy that upon wounding of the epidermis, the synthesis of laminin-5 as well as of various integrins in keratinocytes is up-regulated and the cells start to migrate via interactions of α3β1 and other β1 containing integrins with ECM proteins, including laminin-5. Thus, this laminin isoform has a dual function in promoting both cell adhesion and motility (Carter et al, 1991; Zhang and Kramer, 1996; O'Toole et al, 1997) . It is likely that this divergent effect is critically dependent on its specific structure. Proteolysis of its α3 or γ2 subunit by distinct proteases differentially affects the ability of laminin-5 to support cell motility or stable adhesion, respectively (Giannelli et al, 1997; Goldfinger et al, 1998) . Plasmin-mediated cleavage of the α subunit of laminin-5 is associated with an increased ability of the molecule to drive the assembly of HD, which results in a decrease of cell migration (Goldfinger et al, 1998) . Hence, in tissues undergoing remodeling, such as a healing wound and in tumors, processing of laminin-5 by secreted proteases might critically affect the ability of the cell to migrate. As motility requires a dramatic change of the dynamic function of HD, the constituents have to undergo a complex reorganization Gipson et al, 1993; Gil et al, 1994) . The factors involved in the cross-talk between HD and structures mediating migration, such as focal contacts, remains unclear. It is likely that signals mediated by α6β4 and β1 containing integrins as well as by various growth factor receptors play a critical part in this process.
α6β4 INTEGRIN-MEDIATED SIGNALS CO-ORDINATE CELL ANCHORAGE, SURVIVAL, GROWTH, AND MIGRATION
The attachment of cells to laminins and other ECM proteins provides the cells with information that critically affects their phenotype. For example, laminin-5 derived from rat bladder carcinoma 804G cells induces striking morphologic changes in normal and neoplastic epithelial cells, influencing their ability to adhere, spread, and form HD (Hormia et al, 1995; Baker et al, 1996a) . In addition, function blocking antibodies directed against laminin-5 are able to inhibit branching of mammary epithelial cells (Stahl et al, 1997) .
Several observations indicate that α6β4 is implicated in transducing signals from the ECM to the cell interior that do not only control the assembly of HD and cytoskeleton organization, but that also have a profound impact on cell proliferation and differentiation. These signals appear to be integrated with signaling pathways activated by growth hormone and cytokine receptors (Giancotti, 1996 (Giancotti, , 1997 .
Previous studies have shown that ligation of α6β4 induces phosphorylation of multiple tyrosine residues, including a tyrosinebased activation motif within the connecting segment of the β4 subunit. Phosphorylation of β4 is followed by the sequential recruitment and subsequent phosphorylation of the adaptor proteins Shc and Grb2 to the plasma membrane (Mainiero et al, 1995) . Mutagenesis experiments have indicated that phosphorylation at the tyrosine-based activation motif is critical for the incorporation of α6β4 into HD and their assembly, but is not required for the recruitment of Shc and Grb2 (Mainiero et al, 1995) . This view has recently been questioned, however, as expression of a β4 molecule carrying a mutated tyrosine-based activation motif was found to be correctly recruited into HD and to drive their nucleation in vitro (Niessen et al, 1997b; Schaapveld et al, 1998) . Stimulation of epithelial cells by epidermal growth factor also induces tyrosine phosphorylation of β4. Nevertheless, in contrast to what was observed after ligation of the α6β4 integrin, this event results in disassembly of HD, deteriorates their adhesive functions and is not associated with recruitment of Shc (Mainiero et al, 1996) . Finally, α6β4-mediated adhesion to laminin-5 results in rapid dephosphorylation of an 80 kDa membrane associated protein. In turn, this protein is phosphorylated in response to the dissociation of α6β4 from its ligand (Xia et al, 1995) . Together, these results raise the intriguing possibility that the regulation of the phosphorylation state of β4 by kinases and phosphatases represents a means by which the interaction of α6β4 with other elements of the cytoskeleton and thus the assembly of HD is modulated.
The activation of the α6β4 integrin in response to ligation and cell adhesion also has a profound effect on pathways controlling cell cycle progression and cell growth. The recruitment and phosphorylation of Grb2 which is associated with the exchange factor mSOS results in the activation of the Ras-Erk signaling cascade. The latter causes the transcription of the Fos serumresponse element and promotes progression through the G 1 cell cycle in response to mitogens, such as epidermal growth factor (Mainiero et al, 1997) . The ability of α6β4 to activate the Ras-Jnk pathway upon ligation suggests that this signaling cascade also contributes to the regulation of immediate early gene expression and cell cycle progression.
As α6β4-mediated signals affect cell growth via the activation of Ras-MAP kinase pathways, the increased α6β4 expression observed in various squamous cell carcinomas might be directly correlated with tumor progression (Juliano and Varner, 1993; Rabinovitz and Mercurio, 1996) . According to the type of cells involved and their differentiation state, however, α6β4-mediated signals appear to have different effects on cell behavior, that may even result in apoptosis. Expression of α6β4 in a colon carcinoma cell line was found to promote invasion of carcinomas, that was dependent on phosphoinosite 3-OH kinase activity (Shaw et al, 1997) . In apparent contrast, expression of the β4 subunit in a rectal carcinoma cell line, which expresses α6β1 but not α6β4, was associated with partial arrest of the cells in the G 1 phase and apoptosis (Clarke et al, 1995) . In addition, antibodies directed against β4 are able to block completely apoptosis of vascular endothelial cells induced by fibroblast growth factor and serum deprivation (Miao et al, 1997) .
Although the role of α6β4 in the dynamics of cell motility of normal epithelial cells remains to be determined, recent observations raise the possibility that α6β4 regulates the invasive potential of carcinoma cells not only via signaling pathways, but also by interacting with cytoskeletal elements, that promote cell motility. In fact, α6β4 was found to mediate migration of colon carcinoma cells on laminin-1, most likely by participating in the formation of filopodia and lamellae. In addition, a monoclonal antibody directed against α6 was able to inhibit the motility of these cells and their potential to form lamellae . Finally, epidermal growth factor treatment of 804G rat bladder tumor cells was shown to promote α6β4-mediated migration on laminin-5 (Mainiero et al, 1996) .
IN VIVO LESSONS FROM KNOCKOUT MOUSE MODELS
BP230 null-mutant mice exhibit discrete signs of blistering (Guo et al, 1995) , most likely as a result of an impaired anchorage of IF to HD in basal keratinocytes, that causes reduced mechanical strength. Unexpectedly, these mice also develop spinal nerve degeneration, dystonia, and ataxia. The neurologic disturbances were found to be due to the concomitant inactivation of the dystonin gene, that encodes the neural isoforms of BP230 (Brown et al, 1995) . These isoforms, which contain a specific NH 2 -terminal actin-binding domain, link actin, the neurofilaments as well as the microtubule networks with each other and are thus required for the maintenance of the cytoarchitecture of neurons (Brown et al, 1995; Yang et al, 1996; Dowling et al, 1997) .
Elimination of plectin in mice by gene targeting results in a phenotype reminiscent of that observed in patients with epidermolysis bullosa simplex associated muscular dystrophy due to mutations in the plectin gene (Andrä et al, 1997) . Although plectin appeared to be dispensable for the formation of HD, it seemed to act as an important stabilizer by linking the keratin IF network and hemidesmosomal elements with each other. The observed disturbed cytoarchitecture in skeletal tissues is consistent with the idea that plectin enforces the attachment of the actin filament networks to focal contact sites, whereas the alterations found in heart muscles suggest a role of this protein in the stabilization of desmosomes in intercalated discs (Andrä et al, 1997) .
In null-mutant mice for the α6 and β4 integrin subunit genes there is extensive epithelial detachment, and HD are absent Georges-Labouesse et al, 1996; Van der Neut et al, 1996) . Dermoepidermal separation occurred within both the basal keratinocytes and the lamina lucida. These observations demonstrate that α6β4 is crucial for the formation of HD as well as the maintenance of mechanical integrity of both basal keratinocytes and the basement membrane. The presence in β4 null-mutant mice of discrete signs of nuclear and cytoplasmic degeneration in the epidermal basal cell layer supports the assumption that β4 has an impact on cell survival . In line with these findings, mice carrying a targeted deletion of the β4 cytoplasmic domain exhibit a significant proliferative defect in stratified and simple epithelia with postmitotic cells displaying increased levels of the cyclin-dependent kinase inhibitor p27 (Kip) (Murgia et al, 1998) . These observations further attest at the importance of the β4 tail in proper cell-cycle control. Despite its claimed involvement in embryogenesis, α6 null-mutant mice do not show obvious developmental defects, suggesting that other molecules can compensate for the loss of the α6 integrin subunit during development (Georges-Labouesse et al, 1996) .
Confirmation of the crucial role of the laminin-5-α6β4 integrin interaction derives from the targeted deletion of the α3 chain of laminin-5 (Ryan et al, 1998) . Such null-mutant mice have a phenotype of junctional epidermolysis bullosa with formation of rudimentary HD. In addition, the observation that keratinocytes from these mice exhibited reduced ability to migrate, strengthen the idea that laminin-5 is also critical for cell motility. Finally, in contrast to what was observed after elimination of the genes for either α6 or β4, inactivation of the gene for the α3 subunit of the α3β1 integrin results in a disorganization of the cutaneous basement membrane, implying a specific role of α3β1 in its development and stabilization (DiPersio et al, 1997) .
Knockout mutations of hemidesmosomal constituents in mice have produced phenotypes that are similar to those caused by natural mutations in humans ( Table I) . As no readily recognizable development defects have been so far observed, these proteins appear to be required for the maintenance of tissue integrity rather than for development. In some cases, these mutations have allowed to sort out as yet unrecognized contributions of the targeted proteins to tissue homeostasis.
HEMIDESMOSOMES AND THEIR RELATION TO CLINICAL DISORDERS
The importance of the hemidesmosomal adhesion complex is obvious in several devastating blistering disorders of the skin and mucous membranes. In epidermolysis bullosa, a group of genetic mechanobullous disorders associated with skin fragility and dermoepidermal separation, structural or functional defects of the constituents of HD due to mutations in their genes have a profound impact on the mechanical integrity of epidermal cells or the stability of the cutaneous basement membrane zone (Table I ) (Christiano and Uitto, 1996; Pulkkinen and Uitto, 1998) . Mutations in the keratin 5 and 14 genes cause disruption and collapse of the IF cytoskeleton leading to reduced mechanical resistance and tissue cleavage within the basal keratinocytes (Fuchs and Cleveland, 1998) . Mutations in genes other than those for keratins, e.g., in the plectin gene (Gache et al, 1996; McLean et al, 1996; Smith et al, 1996) , can also cause a disorganization of the IF cytoskeleton. The phenotypic consequences due to mutations in the genes for the α6β4 integrin and laminin-5 are often dramatic (Aberdam et al, 1994; Pulkkinen et al, 1994a Pulkkinen et al, , b, 1997 Kivirikko et al, 1995; Vidal et al, 1995) . They emphasize the critical importance of the interaction between α6β4 and laminin-5 in the structural link between the epidermis and the underlying basement membrane. Severe clinical phenotypes also result from mutations in the type VII collagen gene, that cause abnormalities in the formation and stability of anchoring fibrils as well as their connection to the basement membrane (Christiano et al, 1994) . The elucidation of the molecular defects underlying the various forms of epidermolysis bullosa has allowed defining the contribution of the various constituents to the stability of the hemidesmosomal adhesion complex. It has also helped to identify functionally important domains within these molecules, as inferred from the genotype-phenotype correlations established, e.g., in epidermolysis bullosa patients carrying mutations in keratins or type VII collagen (Christiano et al, 1994; Fuchs and Cleveland, 1998) .
The same structural constituents that are mutated in inherited disorders of the skin may be the target for circulating autoantibodies in acquired autoimmune blistering disorders (Table I) (Stanley, 1995) . For example, BP180, laminin-5, and type VII collagen are autoantigens recognized by autoantibodies from patients with the subepidermal blistering disorder bullous pemphigoid (Stanley et al, 1981; Labib et al, 1986) , anti-epiligrin cicatricial pemphigoid (Domloge Hultsch et al, 1992) , and epidermolysis bullosa acquisita (Woodley et al, 1984) , respectively. Tissue damage and dermoepidermal separation may result either from autoantibody-induced complement activation and an inflammatory response (Liu et al, 1995) , or from more specific effects of the autoantibodies that might interfere with either the cell binding site for the target molecule or with its incorporation into the basement membrane or HD (Lazarova et al, 1996) .
CONCLUSION AND PERSPECTIVES
Our understanding of the molecular organization of HD has substantially increased. Clinical observations and cell biologic studies have enabled us to define the contribution of various constituents to the formation of HD, cell adhesion, and integrity of HD. HD are not merely structural adhesive complexes, but may also transduce signals that may critically affect cell behavior. Nevertheless, the mechanisms by which the dynamic function of these complexes is regulated remains unclear. One of the major challenges will be to define the signaling pathways by which the formation of HD is co-ordinated and how the adhesive function of these complexes is differentially regulated. A critical issue will be the elucidation of the signals and molecules involved in the cross-talk between structures mediating stable adhesion and motility, which are likely to be directly implicated in the regulation of cytoskeletal organization, cell cycle control, cell survival, and differentiation. Knowledge of these regulatory pathways will also further our understanding of processes of fundamental importance, such as wound healing, cell migration, and tumor spread. It is hoped that these novel insights will also facilitate the development of gene therapy approaches for a group of devastating inherited skin blistering disorders.
